Background: Cortical deceleration is the main reason for bone loss at peripheral sites. It was suggested that when peripheral bones were assessed for osteoporosis, management and therapy can be administered early. The main aim of this study was to assess the relationships between the central and peripheral measurements at different skeleton bone sites (spine, femur, forearm, tibia, and calcaneus) with available modalities: DXA, QUS, and MDCT-QCT.
Introduction
Bone has a complex structure that can be studied both at the macrostructure (cortical and trabecular bone) and microstructural level (Haversian system). One of the main bone diseases due to aging is osteoporosis, which is defined by the World Health Organization (WHO) (1994) as follows: a disease characterized by low bone mass and microarchitectural deterioration of bone tissue leading to enhanced bone fragility and a consequent increase in fracture risk (1) . Bone mineral density (BMD) quantification is often used for the diagnosis of osteoporosis. It is evident that older patients may have a 10-fold-increased fracture risk with the same BMD compared to younger individuals (2, 3) . It can be seen in clinics that BMD ( as a gold standard) is not a good marker in many cases, since 2 there are some exceptions for some patients who have normal BMD but may have a fracture in the near future (4, 5) .
Since the main reason for bone loss at peripheral sites is related to cortical deceleration due to remodeling within the cortex bone close to the bone marrow (6) , adding other modalities to measure (quantity and quality approach) the peripheral sites may improve diagnosis. It is also suggested that when peripheral bones (distal radius and calcaneus) are assessed for osteoporosis, management and therapy can be administered earlier (7) .
In this study, the main aim was to show the relationship between the central and peripheral bone measurements in different skeleton bones (including spine, femur, forearm, tibia, and calcaneus) with different modalities (DXA, QUS, and QCT) in a healthy community, especially when there is not any high resolution peripheral quantitative computed tomography (HR-pQCT) and peripheral quantitative computed tomography (pQCT) available.
Methods

Population
A total of 40 males and females aged 30-60 years were included as healthy volunteers. The healthiness of the volunteers was investigated to ensure they had no history of metabolic bone disease and had not received bone chronic treatment.
Inclusion Criteria
All participants had a detailed history, so it allowed to exclude secondary symptoms of osteoporosis, such as premenopausal estrogen deficiency and endocrinopathies (eg, hyperthyroidism and Cushing's syndrome), eating disorders, gastrointestinal diseases (eg, celiac), mineral metabolism dysfunction (eg, osteomalacia), and taking medication (eg, glucocorticoids). Women who were pregnant or breast-feeding for the last 12 months were excluded. After confirming the volunteers' health by a specialist, they were instructed and informed on how the test was going to be conducted. All volunteers filled written informed consent forms, which had been approved by the ethics committee of Iran University of Medical Sciences. Participation was voluntary and the participants were informed they could leave the study at any time. To ensure participants' health, blood test was done to measure fasting bloodsugar (FBS), complete blood count (CBC), calcium (Ca), phosphor (Ph), thyroid stimulating hormone (TSH), creatinine, and ferritin.
Areal bone mineral density (aBMD)
Dual energy X-ray absorptiometry (DXA) is used to assess the mineral content of bones that are most sensitive to fracture risk. To measure this value, the participants were scanned to find whether they were in the normal category defined by WHO (aBMD; T score ≥ -1.0) (8, 9) . Therefore, the same technician measured aBMD for L 1 -L 4 spine, proximal femur, and forearm by DXA (discovery W, Hologic Inc., Waltham, MA) for all participants at the Endocrinology and Metabolism Research Institute (Tehran University of Medical Sciences).
Quantitative ultrasound (QUS)
Ultrasound is a mechanical wave used for bone assessment (quantity and quality). The possibility of having a portable, nonionizing and space-saving device encouraged the researchers to use QUS along with other modalities for bone quantification of the weight-bearing bone (calcaneus) (10) . Ultrasound measurements of the calcaneus were performed with an Achilles Plus device (GE Medical Systems Lunar, Madison, WI). This modality provided ultrasound parameters as follows: speed of sound (SOS), broadband ultrasound (BUA), and stiffness index (SI), which were derived from BUA and SOS. These parameters were determined by bone's features (eg, BMD, elasticity, and bone architecture) in theory and experience (11) .
Volume bone mineral density (vBMD)
Multidetector computed tomography (MDCT) images of the distal tibia (38%) (Brilliance, Philips Medical Systems, Amsterdam, Netherlands) were acquired in the hospital for all participants. Hybrid iterative reconstruction algorithm (iDose -level 7) was used which allowed using a low dose of radiation. Other CT parameters were as follow: spiral acquisition, 90 kVp, ~30 effective mAs, 3 mm section thickness, and 150 mm*150 mm FOV, which was reconstructed across a 1024 matrix size (0.15*0.15 mm pixel size), 0.8 pitch factor, YC kernel, and 16×0.7 mm nominal collimation. The left leg of the participants and phantom were scanned simultaneously. The phantom consisted of 3 different concentrations (50, 100 and 200 mg K 2 HPO 4 /cm3), which resembled the attenuation behavior of the bone tissue. The computed tomography (CT) values for tibia were converted to BMD scale using the calibration phantom. The imaging protocol was evaluated previously (12) .
Since computed tomography acquires cross sectional images, bone density in the trabecular part and cortical part can be evaluated separately. The cortical vBMD, trabecular vBMD, and integral density in mg /cm 3 K 2 HPO 4 were calculated as the volume average mineral density within the cortical and trabecular regions and both, respectively. ImageJ (13) software was
Statistical analysis
Kolmogorov-Smirnov was used to test the normality assumption of the parametric tests. To plot the calibration curve for QCT, the linear regression was used in Excel (Office 2017). Mean and standard deviation (SD) were used for manual segmentation. given as descriptive statistics. The relationships between parameters were analyzed by bivariate (Pearson) correlation (r) analysis. Moreover, Independent samples t test was used to assess differences (significant) in age, weight, height, and BMI parameters between the 2 genders. All statistical tests were 2-sided and performed with alpha = 0.05 in SPSS (SPSS Inc. Chicago, IL, Version 22.0 for Windows).
Results
A total of 40 Iranian healthy volunteers ( 3 females) with normal blood test parameters and aBMDs (in 3 common sites of the body) participated in this study. There were no significant differences between age and BMI between males and females. The participants' demographic characteristics are presented in Table 1 .
The mean and standard deviation (SD) measurements are presented in Table 2 . In addition, Bivariate (Pearson) correlations (r) between different anatomical sites via multimodal measurements are listed in Table 3 . The correlation coefficients between DXA and QUS modalities showed relatively strong correlations between SOS and Ward's aBMD (r=0.608, p<0.001), SI and L 1 -L 4 aBMD (r=0.658, p<0.001) and BUA and L 1 -L 4 aBMD (r=0.598, p<0.001). There was no correlation among MDCT measures and central bone values and QUS parameters. However, aBMD of 33% radius and trabecular vBMD in 38% distal tibia showed weak but significant relationship between peripheral bones (r=-0.342, p=0.044).
Discussion
The limitation to apply all modalities for a specific bone motivated us to use various modalities for different skeletal sites under the assumption that the systemic alteration occurs through the whole skeletal system. Several studies have investigated the correlations between bone measurements among multiple skeletal sites. Cohen et al compared bone strength features between iliac crest bone biopsies (by 2D quantitative histomorphometry and Micro- 
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CT) with the results of HR-pQCT for the distal of radius and tibia. They reported moderate and significant correlations between the peripheral and central (trans-iliac biopsy) values of microstructure and mechanical features (14) . Eckestein et al characterized bone microstructure in in vitro by applying micro-CT for multiple sites, including the neck and trochanter of the femur, Iliac crest, distal radius calcaneus, and lumbar spines (15) . Moreover, Liu et al used DXA, QCT, (central), HR-pQCT, and imagebased finite element analyses (FEA) in premenopausal women to evaluate associations among cortical and trabecular bone density, geometry, microstructure, and stiffness of the central and peripheral sites. Significant correlations were found between the stiffness of the distal radius and distal tibia (r = 0.86), femur and lumbar spines (r=0.49), and between peripheral and central bones (r=0.56-0.70) (16) . To the best of our knowledge, most of the studies were performed with μCT, HR-pQCT, and pQCT, not MDCT, which is common in medical centers. Table 3 demonstrated that for QUS parameters, among all variables, there was a medium correlation between SOS and L 1 -L 4 aBMD (r=0.558), proximal femur aBMD (r=0.545), and Ward's (the lowest mineral site in proximal of femur) aBMD (r=0.608, p<0.001). Not only these correlations were not excellent, but also they were significant which is in agreement with other published studies. Based on Clo et al study, the correlation of QUS and DXA in different body sites was not strong enough to replace DXA with QUS, but both parameters allow better access to the bone quantitative and qualitative properties (17) (18) (19) (20) (21) .
The correlation between central and peripheral bones in
BUA had the highest correlation with L1-L4 aBMD (r=0.598, p<0.001) and moderate correlation with proximal femur (r=0.516) and neck of the femur aBMD (r=0.521, p=0.001). The results were similar to those of Wang et al study in which QUS, DXA, and pQCT were assessed in 258 girls aged 10-13 years in a 2-year longitudinal study (There was a moderate correlation between the calcaneus and femoral neck (r=0.5, p=0.001) and lumbar spines (r=0.6, p=0.001). The high content of trabecular bone in both calcaneus and spine may be due to a greater correlation in these areas. However, the diagnosis of osteoporosis in the lumbar spine via QUS of the phalanx was better than the femur region at that study (17) . In addition, SI, which is a combination of BUA and SOS, demonstrated more correlation to central aBMDs. Since the role of QUS in the diagnosis and treatment of osteoporosis remains unclear but calcaneus is a weight-bearing bone, it has been recommended as a formative bone to evaluate. In Larijani et al study in which they used the same QUS device, T-score of -1 was proposed as a suitable cutoff level for QUS studies. Also the low agreement between QUS and DXA (Lunar Corporation, Madison, WI) measurements in healthy women was observed (18) .
The correlation between the ultradistal of radius and proximal of femur and L 1 -L 4 aBMDs was reported as r=0.665 and r=0.613 (p<0.001), respectively. These relatively high correlations were related to the presence of high spongy bone in ultradistal of radius and central bones. In this study, no high correlation was found for 33% distal with central aBMDs, while the correlation between 33% distal radius and hip plus spines was 0.69 in Amiri et al, and it was about 0.60 in Patel et al study. Patel et al have recommended using radius densitometry instead of hip and spine. However, the diagnostic application of forearm densitometry with a lower threshold of about -2.1 instead of -2.5 (recommended by WHO) was suggested (19, 20) . There was no correlation among MDCT measurements and central bone values. These results might have been due to the cortical declaration in the peripheral site (eg, 38% distal tibia and 33% distal radius) rather than a spongy bone loss in central sites.
With regards to the correlation in the peripheral sites, radius 33% distal aBMD and trabecular vBMD in 38% distal tibia, the correlation was weak and negative but significant (r=-0.342, p=0.044). The negative direction might have been due to the increase of the trabecular vBMD because of trabecularisation of high-density adjacent cortical site. In peripheral sites, approximately 50% of the cortical bone loss is the consequence of remodeling within the cortical part of the bone close to the marrow. This phenomenon reduces cortical minerals and trabeculitises the cortical, resulting in an overestimation of the density in the trabecular segment (21) . The relationship between 33% distal and ultradistal radius aBMD with QUS parameters was moderate. In a similar study that used pQCT, Hung et al compared pQCT measurements of bone density at distal of tibia and radius to calcaneal (QUS findings) in healthy women and showed weak to moderate correlation (r=0.21-0.447) between mentioned anatomical sites. Assessment of BUA and velocity of sound (VOS) in calcaneus showed a better correlation to trabecular BMD than cortical BMD and integral BMD in both distal of tibia and radius. More trabecular tissue than cortical (only a shell in the outer layer of the calcaneus bone) can explain the higher correlation of QUS findings to trabecular vBMD (22) .
The correlation between 2 central sites (DXA-based measurement), L 1 -L 4 and proximal femur aBMDs (r=0.636, p<0.001), was good and relatively high for ward's aBMD (r=0.731, p<0.001) and spines measurement, which seems to be due to high trabecular bone in the spines, which is similar to the ward's region with only trabecular bone.
This study also had several limitations. First, the number of participants was small and their age range was limited. Second, lumbar spine and proximal femur vBMDs were not available due to avoiding exposing the volunteers to high radiation dose in central-QCT. Applying state-of-the-art MRI (μ MRI) and HRCT (based on iterative reconstruction (IR) algorithm and advanced detectors) techniques for the central skeletal in the near future (23, 24) may provide better insight. Thirdly, comparison between bones based on sex with this approach on a larger human sample is highly recommended, especially with a focus on the effect of estrogen deficiency for menopause women.
Conclusion
The bivariate correlation between the multimodal measurements showed systemic bone alteration in the bony skeleton in healthy volunteers. Due to systemic alterations in the bony skeleton, applying peripheral sites quantification with the state-of-the-art MDCT ultralow dose reconstruction is suggested for bone assessment in future studies.
